Introduction
crotubules [5-9] and possibly centrosomes [10] . Microtubules have been shown to be required for furrow Cytokinesis takes on a variety of manifestations in different organisms, although there are two main strategies for progression and membrane insertion in the region of an advancing cleavage furrow in cleaving Xenopus embryos cleaving a cell: that used in animal cells and that used in plant cells. When a plant cell divides, a septum is formed [11, 12] . Recent observations of Drosophila neuroblasts have shown that midbody microtubules move basally toby the migration of Golgi-derived vesicles along the microtubules of the phragmoplast toward the equatorial ward the cleavage site only after the cell membrane has invaginated [13] , and these observations suggest that the plane, where they fuse and form the cell plate [1] . In contrast, when an animal cell divides, an equatorial, actomicrotubules may be necessary during post-furrow invagination steps. Although microtubules have been shown to myosin contractile ring assembles midway between the poles of the mitotic spindle and constricts to form the be essential for the completion of cytokinesis [11] , is it not known what additional mechanisms are required to cleavage furrow [2] . At telophase, the ingressing furrow meets the midzone of the disassembling mitotic spindle.
finally separate daughter cells from one another. This structure persists for some time and forms a narrow intercellular bridge [3] . The intercellular bridge must be A number of studies have shown that secretion is involved broken and the membrane must reseal in order for the in the formation of the cell plate between dividing plant daughter cells to completely separate [4] .
cells. In tobacco cells, the fungal metabolite brefeldin A has been shown to inhibit cytokinesis [14] . Mutants in the KNOLLE gene of Arabidopsis have defects in cytokinesis Recent observations suggest that the final phase of cytokinesis in animal cells requires intact spindle midzone mi-
[15] and appear to be specifically defective in the fusion of vesicles with the forming cell plate [16] . The KNOLLE to BFA. However, although each of the second division furrows in the asynchronous population of blastomeres gene has strong similarities to animal syntaxins, a class of proteins that is required for vesicle fusion [15] . Interestingressed to apparent completion, they then regressed approximately 5-7 min later and gave rise to blastomeres ingly, syntaxin I has been shown to be required for celluwith multiple nuclei (n ϭ 14; Figure 1a ). Control embryos larization in Drosophila embryos, and this finding suggests that had been laser permeabilized in the absence of BFA that secretion has a role in the formation of membranes continued to divide normally (data not shown). around the syncytial nuclei during cellularization, a process that has similarities to cytokinesis [17] . Syntaxins are
We isolated blastomeres and placed them into culture also necessary during furrow invagination in sea urchins medium containing 15 ug/ml BFA. The initial division and in C. elegans [18, 19] . In addition, phragmoplastin, a following exposure to BFA completed, as with laser-perplant dynamin [20, 21] , and KatAp, a plant kinesin [22] , meabilized embryos. During the next division, a furrow localize to the plane of cell division during plant cytokinewas initiated at the correct time and appeared to go to sis. This observation suggests that these molecules may completion; however, about 7 min after the furrow had be used for vesicle transport and may be components apparently fully completed, the furrow regressed. The of a cytokinesis execution mechanism that is conserved result was a binucleate cell ( Figure 1c ). The adjacent between plants and animals.
blastomere also attempted to complete cytokinesis but failed in the same manner. The two blastomeres continTaken together, these data suggest that secretion could ued to cycle and to go through multiple rounds of karyokibe a common feature of cytokinesis in both plant and nesis, with the spindle pole replicating normally at each animal cells. To investigate what role secretion might play cycle. At each cycle, furrows appeared between adjacent in animal cell cytokinesis, we isolated dividing C. elegans spindle poles; these furrows also always regressed. The blastomeres [23, 24] and used BFA to inhibit secretion.
observation that multiple furrows formed at these later Furrowing initiated normally in the treated blastomeres, stages indicated that the early cleavage failures were not but separation of the daughter cells did not occur and due to limitations in the available area of plasma membrane. cleavage furrows ultimately regressed. In addition, BFA However, because of the known inhibitory effects of BFA produced spindle alignment failures in asymmetrically on the secretory process, these experiments suggest that dividing blastomeres. We have also observed the dynamexocytosis is required for the completion of cytokinesis. ics of membranes in control and BFA-inhibited blastomeres by using the membrane probe FM1-43. Using this
We noticed that the first division of the blastomeres alprobe, we found that there was a striking BFA-sensitive ways occurred normally in the BFA-treated cells. Howaccumulation of membrane localized to the apex of the ever, the second division always failed to complete the late cleavage furrow during the execution of the terminal final stages of cytokinesis. By light microscopy, subsephase of cytokinesis. quent furrows appeared to complete, but since these eventually regressed, it seems that an essential step in
Results
cell division was in fact missing. We found that 15 ug/ml Brefeldin A inhibits the terminal phases of cytokinesis (0.0534 mM) BFA reliably produced failures in cytokinesis in embryos and in isolated blastomeres without affecting cell viability (n ϭ 114). Higher concenWe used laser permeabilization and blastomere isolation trations of BFA (20 ug/ml or higher) led to cell cycle arrest techniques to study the effects of BFA on both intact and death. Lower concentrations of BFA did not produce embryos and isolated blastomeres [24] [25] [26] . BFA is a potent any noticeable effects. The one-cell-cycle delay in the inhibitor of secretion and prevents the assembly of nonappearance of the BFA-induced defect in cytokinesis durclathrin-coated vesicles from Golgi cisternae [27] . BFA ing the late stages of cytokinesis may be due to fast cell acts by inhibiting the ADP ribosylation factor (ARF), a cycle progression (12-15 min) relative to the time of the factor that is required for the assembly of vesicle coats and onset of BFA action. Consistent with this notion, we found therefore for the budding of membrane-enclosed vesicles that when we placed one-cell embryos into culture me- [28] . BFA also stimulates the ADP ribosylation of BARS dium with BFA after the completion of the meiotic diviproteins [29] , which may normally exert a negative effect sions, the first cell division failed. This suggests that the on Golgi tubulation. We selected embryos and blastorelatively long first cell cycle following meiosis II (approximeres and placed them into culture media with and withmately 40 min) gave sufficient time for the BFA to act, out BFA, then observed formation of the cleavage furrow whereas the 15-20 min cell cycle times of the early embryby using 4D videomicroscopy [30] .
onic divisions did not. Furthermore, an embryo may well have sufficient preformed vesicles in the cytoplasm to We permeabilized the eggshells of early embryos by ablating 2-3 holes in the eggshell while the eggs were bathed accommodate the first cleavages that are seen in blastomeres at the two-cell stage or later. Subsequent cleavages in a culture medium containing 15 ug/ml BFA. The furrow completed during the initial division following exposure might fail to complete in BFA-treated embryos because of the depletion of the pool of vesicles. The late cytokinesis the intercellular bridge and seal the newly formed daughter cells (this study). defects observed in our experiments suggest that there is a requirement for secretion even after the furrow has ingressed to its fullest extent. This in turn suggests that
The spindle midzone and midbody microtubules the final sealing of the intercellular canal requires localare normal in BFA-treated blastomeres ized membrane fusion events. Given data from previous
In order to assess whether BFA affected the spindle midwork [11, 19] , as well as the work presented here, cytokizone structure or midbody (a structure known to be renesis may therefore involve two phases of new membrane quired for the completion of cytokinesis [2-5]), we visualinsertion and fusion events: initially, providing new memized microtubule dynamics in blastomeres expressing brane for furrow ingression [11, 19, 31] and, finally, adding tubulin::GFP [32] . Untreated and BFA-treated tubulin:: GFP-expressing blastomeres were placed into culture memembrane locally in the spindle midzone region to break dia and observed by multiphoton microscopy. In untreated indicate that targeted secretion is involved at all stages of furrow ingression, not unlike the situation in plants. blastomeres, the time from furrow ingression to the disappearance of the midbody was 10.95 Ϯ 1.15 min (n ϭ 6). This is consistent with the varying degrees of furrow In that time, the midbody persisted for 5.85 Ϯ 1.05 min invagination that are observed in rab-11 RNAi-treated (Figure 1d and, in the Supplementary material available blastomeres. with this article on the internet, Movie 3). This time period corresponds to the period in which we observed Spindle alignment defects are observed in BFA-treated blastomeres the accumulation of membrane in FM1-43-labeled blastoDuring the course of the isolated blastomere experiments, meres (see Figure 4a ). In BFA-treated blastomeres, the we noticed that certain blastomeres, when treated with time from furrow ingression to the disappearance of the BFA, exhibited spindle alignment defects. In the intact midbody was 11.15 Ϯ 0.35 min (n ϭ 9). The midbody embryo, a P 1 blastomere divides asymmetrically and gives persisted for 6.3 Ϯ 1.2 min in these treated blastomeres rise to a larger cell, EMS, and a smaller cell, P 2 [38] . The (Figure 1e and, in the Supplementary material, Movie 4). P 2 blastomere induces EMS to divide asymmetrically by Therefore, BFA has no visible effect on the midzone causing the spindle to be aligned with one pole adjacent microtubules in the time period in which one would norto the point of contact ( Figure 1b ) and a gut precursor, mally observe membrane accumulation (see Figure 4) . E, to be produced adjacent to P 2 . In the absence of an inducing signal from P 2 , the spindle does not align in the Inhibition of rab-11 expression by RNAi produces similar effects to those of BFA in early embryos normal manner, and the E blastomere fate is not produced In order to assess whether the effects that we observed [26] . The interaction between P 2 and EMS in the fourwith BFA treatment were, in fact, due to the inhibition of cell embryo has been well characterized [26] and involves secretion, we investigated an alternative way of inhibiting WNT signaling pathways [39, 40] . In BFA-treated blastosecretion: using RNAi to suppress the expression of some meres, the centrosome-nucleus complex did not rotate in of the rab GTPases. We suppressed expression of rab-8 EMS, and the spindle set up in the wrong orientation and rab-11 (two components of the secretory pathway ( Figure 1c , 20.3 min; 23/26 EMS blastomeres failed to involved in Golgi-to-membrane targeting [33] [34] [35] ) by inalign their spindles). The EMS cleavages were symmetrijecting double-stranded RNA synthesized from the entire cal, and all eventually failed after full furrow ingression. rab-8 or rab-11 coding region. We observed animals and The P 2 spindle orientation, however, occurred in the embryos 16-28 hr postinjection. Suppressing the expresproper orientation (8/9 P 2 blastomeres) as judged from sion of rab-8 produced severe deformation of the ovaries tubulin::GFP data (data not shown). This finding suggests and thus prevented any eggs from being produced (data that spindle orientation does not require secretion in the not shown). Suppressing rab-11 expression also gave rise case of the P lineage. to defects in the syncytial germ cell in the ovary (Figure  2g ,h). In this case, the nuclei of the syncytial germ cell Internal membrane dynamics in C. elegans embryos were seen throughout the cell rather than in their normal
We observed internal membrane dynamics in the early configuration at the periphery. The defects seen with rabembryo by using a Bodipy BFA probe. Bodipy BFA is 11 RNAi were not as severe as with rab-8, and fertilized an inactive form of brefeldin A conjugated to a Bodipy eggs were produced. The cellularization defects that we fluorophore. It labels Golgi and ER in mammalian cells observed were similar to those seen in BFA-treated Droand colocalizes with a NBD-ceremide probe [41] . The sophila embryos [31] . Polar-body formation was also inhibaddition of unlabeled BFA with the Bodipy BFA probe ited, as shown by additional nuclei in the zygote, P 0 . In did not produce any localized fluorescence. Bodipy alone P 0 , the furrow appeared to complete; however, 7-9 min does not label internal membranes [41] . The endomeminto the second cell cycle the furrow regressed (Figure brane system, as visualized with Bodipy BFA, was seen 2d). This regression suggests that the final stages of cytoto consist of a heterogeneous cloud of vesicles distributed kinesis require Rab-11. In embryos observed 20-28 hr throughout the embryo (Figure 3a) . Other ER probes, postinjection or later, the furrow ingressed approximately such as DiI, revealed a similar pattern (A. Badrinath, per-1/2-3/4 of the way into the cell and then regressed (n ϭ sonal communication). 15; Figure 2b ). These data suggest that Rab-11 may also be required for supplying the extra membrane required
The dynamic behavior of the Bodipy BFA-labeled vesicles can be seen in Movie 5 in the Supplementary matefor furrowing. The RNAi suppression of Rab expression starts to act in the syncytial germ cell, whereas the BFA rial. At the moment the egg and sperm pronuclei meet, relatively large vesicles (approximately 0.3-1.3 m) were was applied after fertilization. This timing difference probably explains why no partial ingressions were obseen aggregating in the vicinity of the astral microtubules ( Figure 3b ). Vesicles of this size have been observed served in the BFA-treated embryos. Membrane insertion at the tip of the advancing furrow has been seen in Xenopus trafficking and fusing with the plasma membrane in mammalian cells [42] . The spindle body together with the [36] and requires microtubules [37] ; these observations region around the centrosomes exhibited a diffuse fluoressoluble dye, believed to insert into the outer leaflet of the surface membrane, where it becomes intensely fluocence presumably emanating from subresolution vesicles. The centrosome excluded this source of signal. During rescent [43] . We followed the dynamics of the plasma membrane in cleaving cells by using multiphoton timemetaphase, the chromatin and adjacent spindle also excluded these vesicles, although subresolution vesicles lapse microscopy [44, 45] . were still present around the centrosomes (Figure 3c) . Upon anaphase onset, we observed diffuse, small-vesicle Following the completion of an ingressed furrow, we observed a pronounced accumulation of membrane ocstaining that became localized to the spindle midzone region (Figure 3d ). This staining was conspicuous from curring at the leading edge of the ingressed furrow that forms the intercellular canal (n ϭ 13; Figure 4a , 4-12 anaphase through telophase and eventually diminished in intensity after this time. During late telophase, we min). This accumulation persisted until 5-7 min into the next cell cycle. Prior to the next division, it appeared that observed larger vesicles moving parallel to midzone microtubules toward the equatorial plane (Figure 3e ). After the cell division remnant was internalized along with this bolus of accumulated membrane and moved toward a the furrow ingressed, movement along the axis of the intercellular canal was observed (see Movie 5). The exact centrosome (n ϭ 4; Figure 4a , 16.0 min). role and function of these vesicles remains unclear at this time. However, these observations indicate that large and Four-dimensional, multiphoton membrane-imaging experiments showed that membrane accumulates at intersubresolution vesicles localize along the spindle midzone in the vicinity of the ingressing furrow during the terminal cellular canals between all blastomeres in developing embryos (n ϭ 9) or in isolated blastomeres (n ϭ 31) ( model of cytokinesis that is similar in plant and animal cells. For example, actin-myosin rings and a requirement for secretion are common to both animal and plant cells [14, 18, 19, 31, 46] . The work described in this paper suggests, however, that secretion is required not only for initial furrowing events, but also during the terminal stages that finally separates the two daughter cells from each other.
Using 4D-multiphoton microscopy, we observed FM1-43-labeled membrane accumulating immediately after the furrow became fully ingressed. Such accumulation could be caused by Golgi-derived vesicles that are targeted to the apex of the cleavage furrow, where they exocytose. Alternatively, membrane could accumulate by flowing down the apex of the furrow into the tip. When a cell cleaves, the surface area has to increase, which implies that new plasma membrane has to be inserted. We found that BFA treatment did not inhibit furrowing. Indeed, following a cytokinesis failure, multiple furrows formed surface irregularities for the increase in surface area during There are interesting parallels between the terminal phase of cytokinesis and the response of cells to wounding. Both this accumulation did not occur ( Figure 5 and Movie 9). may involve membrane breakage and resealing. Data have The furrow ingressed, appeared to complete, and mainbeen presented that suggest that membrane resealing foltained this configuration for approximately 4-7 min (n ϭ lowing wounding is accomplished by a Ca 2ϩ -dependent 52, similar to the situation for untreated blastomeres).
exocytosis. Furthermore, the response to wounding is faHowever, no accumulation of membrane was observed cilitated by previous wounding in a BFA-dependent manat the intercellular canal, and the furrow subsequently ner [47] , and this finding implies that, at least for facilicompletely regressed after this period ( Figure 5, 4 .5-7 tated repair, the exocytosis of Golgi-derived vesicles is min). The failed blastomeres attempted cleavage again required. at the next cell cycle; they produced multiple furrows but again failed, and this finding suggests that there was Secretion and spindle alignment sufficient membrane available for invagination. The reIn BFA-treated EMS and P 2 blastomeres, spindle alignsults suggest that membrane accumulation at the perment is inhibited. Dynein/dynactin complexes are resisting intercellular canal could be required for the comquired for spindle alignment and localize to cortical sites pletion of cytokinesis.
that correspond to cell division remnants [48, 49] . A possible interpretation of the failure of rotational alignment in brefeldin A-treated blastomeres is that vesicular transport
Discussion
is required for the localization of dynactin to cortical miTraditionally, the mechanisms underlying cytokinesis in crotubule attachment sites that correspond to previous animal cells have been considered different from those cell division remnants. Similar effects of BFA on cleavage used by plant cells. However, recent work in the field, together with work presented in this paper, supports a plane orientation have been observed in Fucus, in which Golgi-derived material (GDM) is required at cortical sites mom genes (WNT pathway genes in C. elegans) are known prior to axis orientation [50] . The midbody in animal cells to be required for proper spindle alignment [51] . could therefore be a spindle-derived scaffold for various targeted proteins involved in cell separation events as Secretion, motor molecules, and cytokinesis well as spindle alignment events (Figure 6 ).
The involvement of BFA-sensitive pathways (this study; [31] ) and syntaxins [19] in cytokinesis raises the possibility that other evolutionarily conserved molecules involved in It is possible that kinesin molecules bound to vesicles secretion, such as the dynamins or Rab GTPases, might could move dynactin/dynein (also bound to these vesicles) be necessary during animal cytokinesis, as seen in plants. Membrane dynamics in an isolated blastomere treated with BFA. The furrow remained ingressed for 5.5 min before regressing in the BFAmultiphoton time course of a P 0 blastomere labeled with FM1-43 in treated embryo. This time corresponds to the time in which membrane the presence of BFA is shown. The figure shows a sequence of 3D accumulation would have normally occurred in untreated blastomeres; projections of a thick axial slice taken through the dividing cell. At however, no accumulation was seen, and ultimately, cytokinesis the 1.5 min time point, the furrow had invaginated. By 3.0 min, the failed. At 10.5 min the cleavage furrow had completely regressed. The furrow had almost completed. During a period from 4.5 min to 7.5 blastomere continued to initiate cleavage and furrows completed again, min, the furrow stayed fully ingressed. No membrane accumulation but these also failed (data not shown). The scale bar is 14 m. See can be seen in the vicinity of the late cleavage furrow. However, also Movie 9 in the Supplementary material. one minute after this period the furrow had regressed (9.0 min). The myosin function has also been shown to prevent memrecently been found to produce cytokinesis defects in HeLa cells [56] , and this finding suggests that targeting brane resealing and delivery to sites of membrane disruption [54, 55] . Inhibition of Rabkinesin 6/Rab6-KIFL has pathways are indeed involved in secretion and that these pathways are involved in cytokinesis as well. Recent evidence suggests that the motor molecules that are used in vesicle transport in neurons depend on the distance the vesicles must travel [59, 60] . The microtubule network is thought to be used primarily for long-range vesicle transport and to require microtubule-based motors, such as kinesins. The actin network, however, is used for short-range transport and motors such as myosinVa [59] . In S. cerevisiae, it is known that vesicles are transTargeted exocytosis is required in both plant and animal cytokinesis.
ported along actin cables toward the mother-bud neck Model for vesicle fusion in sealing off the intercellular canal. The sequence shows events that may occur at the apex of the furrow. Here, progressive vesicle fusion in the vicinity of the persisting intercellular canal forms finger-like projections that fuse with the membrane from the opposite side of the furrow. Cell separation is then complete.
it is possible that actin may play a role in localized moveof cytokinesis. Membrane accumulates at the intercellular canal after stages of cytokinesis is unclear. Their mutant phenotypes suggest that these proteins are required for the maintefurrow completion. The increase in membrane labeling seen at the apex of the late cleavage furrow with an extranance of the contractile ring, formation of the spindle midzone structure, or both. We suggest that these proteins cellular membrane probe is probably due to extensive, localized plasma membrane ruffling caused by the local are required, not for the actual pinching off of membrane, but for the stabilization of the cytokinetic ring and/or insertion of new membrane. Our observations suggest that this localized accumulation is required for breaking and the maintenance of the structural integrity of the spindle midzone. We propose that these conditions are necessary resealing the intercellular canal during the terminal phase of cytokinesis. It has been observed that blastomeres canfor targeting BFA-sensitive vesicles to the region of the intercellular canal and allow vesicles to fuse into a minianot be separated until 5 min after cleavage [26]; (A.R.S., unpublished observation); perhaps this time reflects the ture cell plate that would allow the two cells to separate (Figure 7) . Furthermore, we propose that the spindle midtime required to break and reseal the intercellular canal. We have shown that BFA-treated blastomeres do not aczone of animal cells is functionally analogous to the plant cumulate membrane within this time frame and that they phragmoplast along which BFA-sensitive vesicles are suffer cytokinesis failures, and this finding indicates that transported to the equatorial plane, where they fuse to membrane-targeting mechanisms are necessary during form the cell plate. the late stage of cytokinesis in a process similar to that of plants. Internal, BFA binding vesicles aggregate along
Materials and methods
astral and spindle microtubules prior to cytokinesis.
Nematode culture
Movement of vesicles along the spindle midzone toward N2 strains were kept at 20 C and cultured as described by Brenner [73] . The tubulin::GFP (WH204) strain was cultured at 25ЊC [32] .
the equatorial plane was observed, although membrane fusion events could not be seen because they are beyond optical resolution limits in this system. Because of the
Examination of embryos and blastomeres
Embryos and blastomeres were examined by light microscopy with Noimpenetrable eggshell and rapid cell cycle, electron mimarski differential interference contrast microscopy. Embryos were croscopy of cell division events in early C. elegans embryos mounted on a 3% agarose pad in M9, and a 22 mm ϫ 22 mm coverslip has proven to be difficult, and the ultrastructure of mem- proteins have been shown to be required for the late stages (no defects were observed). Other rab proteins have not been shown 11. Danilchik MV, Funk WC, Brown EE, Larkin K: Requirement for to produce early embryonic defects in C. elegans [77] . The phenotypes microtubules in new membrane formation during of the F1 embryos were examined with Nomarski 4D microscopy [30] . 
